Abstract Mixed-phase clouds containing both liquid droplets and ice particles occur frequently at high latitudes and in the midlatitude storm track regions. Simulations of the cloud phase partitioning between liquid and ice hydrometeors in state-of-the-art global climate models are still associated with large biases. In this study, the phase partitioning in terms of liquid mass phase ratio (MPR liq , defined as the ratio of liquid mass to total condensed water mass) simulated from the NCAR Community Atmosphere Model version 5 (CAM5) is evaluated against the observational data from A-Train satellite remote sensors. Modeled MPR liq is significantly lower than observations on the global scale, especially in the Southern Hemisphere (e.g., Southern Ocean and the Antarctic). Sensitivity tests with CAM5 are conducted to investigate the distinct contributions of heterogeneous ice nucleation, shallow cumulus detrainment, and large-scale environment (e.g., winds, temperature, and water vapor) to the low MPR liq biases. Our results show that an aerosol-aware ice nucleation parameterization increases the MPR liq especially at temperatures colder than À20°C and significantly improves the model agreements with observations in the Polar regions in summer. The decrease of threshold temperature over which all detrained cloud water is liquid from 268 to 253 K enhances the MPR liq and improves the MPR liq mostly over the Southern Ocean. By constraining water vapor in CAM5 toward reanalysis, modeled low biases in many geographical regions are largely reduced through a significant decrease of cloud ice mass mixing ratio.
Introduction
Clouds affect the present and future climate through cloud radiative effects and cloud-climate feedbacks. In spite of importance, the parameterization of cloud processes in global climate models (GCMs) represents one of the largest uncertainties (Boucher et al., 2013) . The simulations of cloud-climate feedback in GCMs depend strongly on the phase of simulated clouds (Choi et al., 2014; , which can be liquid phase (containing only liquid droplets), ice phase (containing only ice crystals), or mixedphase clouds (containing both liquid droplets and ice crystals at temperatures between À38°C and 0°C). Mixed-phase clouds account for an average global coverage of approximately 34% (Wang, 2013) and occur frequently at high latitudes and in the midlatitude storm track regions (Shupe, 2011; Zhao & Wang, 2010) . Liquid droplets and ice particles have distinct radiative properties due to their differences in particle size, number concentration, shape, falling velocity, and refractive index. Thus, different cloud thermodynamic phases in mixed-phase clouds may result in an opposite sign of cloud radiative forcing (CRF) (Cesana et al., 2015; McCoy et al., 2014; Mitchell et al., 1989; Tsushima et al., 2006; Zelinka et al., 2012) . For example, Zuidema et al. (2005) showed a warming effect of mixed-phase clouds in the Arctic, while Hogan et al. (2003) reported a cooling effect in the midlatitudes. Using the fifth released CloudSat fluxes and heating rates (R05 2B-FLXHR-LIDAR) product, Matus and L'Ecuyer (2017) estimated the global net CRF by mixed-phase clouds to be À3.4 W m À2 with the shortwave and longwave CRF of À8.1 W m À2 and 4.7 W m
À2
The lifetime of mixed-phase clouds is very sensitive to the phase partitioning (Sulia & Harrington, 2011) . Due to the lower saturation vapor pressure with respect to ice than that to liquid, ice crystals grow at the expense of cloud liquid through vapor deposition in mixed-phase clouds. This is known as the Wegener-BergeronFindeisen (WBF) process (Bergeron, 1935; Findeisen, 1938; Wegener, 1911) . The WBF process can deplete liquid water and cause the rapid glaciation of mixed-phase clouds, in addition to the riming process. As a result, cloud radiative properties can be significantly changed . Under conditions favorable for the WBF process in mixed-phase clouds, cloud ice water content plays an important role in determining the glaciation rate (Fan et al., 2011) . However, ice microphysical processes in clouds are complicated due to the complex interactions among individual microphysical processes, as well as the interactions between dynamics and microphysics in mixed-phase clouds (Atkinson et al., 2013; Morrison et al., 2012; Murray et al., 2012) .
Because of the importance of mixed-phase clouds and their poor simulations by GCMs, several recent studies have been conducted with the aim to constrain simulated phase partitioning in mixed-phase clouds with observations. For instance, Komurcu et al. (2014) conducted an intercomparison of cloud phase partitioning among six GCMs and evaluated modeled phase partitioning with the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) Level 2 cloud phase observations. They found that all GCMs employed in their study underestimate the liquid mass phase ratio (MPR) (i.e., ratio of liquid mass to total mass of condensed water) by comparing with observed liquid frequency phase ratio (FPR) (i.e., ratio of liquid cloud occurrence to total ice and liquid cloud occurrences). Cesana et al. (2015) compared the ice MPR (i.e., ratio of ice mass to total condensed water mass) simulated from 16 GCMs with the GCM-Oriented CALIPSO Cloud Product (CALIPSO-GOCCP) as well as other satellite observations. Albeit all models in their study feature a lack of supercooled liquid, they found that GCMs with more sophisticated cloud microphysics show a better agreement with observations. McCoy et al. (2015) evaluated the phase partitioning of mixed-phase clouds over the Southern Ocean simulated from 19 Coupled Model Intercomparison Project Phase 5 GCMs with combined Cloud-Aerosol LIdar with Orthogonal Polarization (CALIOP)/Imaging Infrared Radiometer/Moderate Resolution Imaging Spectroradiometer (MODIS) measurements (Hu et al., 2010) . The glaciation temperatures T5050 at which liquid and ice are equally abundant vary as large as 40 K among the 19 GCMs. investigated the sensitivity of mixed-phase cloud phase partitioning to several cloud microphysical parameters in the NCAR Community Atmosphere Model version 5 (CAM5) and evaluated modeled phase partitioning with the CALIPSO Level 2 data. We note that the evaluation of MPR provides useful insights on the mixed-phase partitioning beyond those for liquid and ice water amounts. It can inform us about the treatment of mixed-phase microphysical processes in the model. In addition, liquid and ice amounts are both susceptible to the bias of cloud fraction in the model, and there are also large variabilities of liquid and ice amounts among different models (Cesana et al., 2015) . Using MPR provides a meaningful way to normalize all of the models (Cesana & Chepfer, 2013; Tsushima et al., 2006) . It also reveals a potential link of cloud phase partitioning to aerosol and large-scale environment.
GCM-predicted cloud MPR is often evaluated against observed cloud FPR ( Komurcu et al., 2014; McCoy et al., 2015; ). Due to different particle size, number concentration, and particle density between liquid droplets and ice crystals, clouds with the same FPR may have very different MPR. Cesana et al. (2015) compared the modeled MPR against the modeled FPR through the lidar simulator in two GCMs and found obvious differences between them. Only when ice phase ratios (PRs) are both above 90% (i.e., MPR90 and FPR90), the difference between MPR and FPR substantially decreases. Therefore, in order to make more consistent comparisons, Cesana et al. (2015) compared the modeled MPR90 against the observed FPR90. McCoy et al. (2016) conducted their comparisons of modeled T5050 with the CALIPSO T5050 inferred from the CALIPSO observed T1090 (i.e., temperature corresponding to FPR90). However, inconsistency between modeled MPR and observed FPR prevents the comparison of full range of PRs between GCMs and observations. Besides, those aforementioned studies (Cesana et al., 2015; Komurcu et al., 2014; McCoy et al., 2015 McCoy et al., , 2016 mainly focused on the evaluation of GCMs in simulating the MPR without elucidating the reasons behind the differences between GCM results. Although Komurcu et al. (2014) discussed the impact of an alternate ice nucleation parameterization (DeMott et al., 2010) on the mixedphase cloud partitioning, the relative contributions of large-scale environment and cloud microphysics to the phase partitioning have not been assessed.
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To address the limitations of previous studies, we conduct this study to (1) use the observed MPR rather than FPR for consistent comparisons with the modeled MPR and (2) investigate the distinct contributions of heterogeneous ice nucleation, large-scale environment, and shallow cumulus detrainment to the mixedphase cloud partitioning. examined the impacts of six CAM5.1 cloud microphysical parameters on the variance of cloud phase partitioning in mixed-phase clouds. In this study, we focus on the impacts of three atmospheric processes in CAM5.1 (not limited to cloud microphysics) on the cloud phase partitioning, which are tested by an implementation of a new heterogeneous ice nucleation scheme, a modification to the current shallow cumulus detrainment treatment, and a constraint of modeled large-scale environment by nudging toward reanalysis. Also, the metric used in observations to constrain the model is different: they used the FPR and we use the MPR. The latter is directly comparable with what is calculated in the model. further studied the role of mixed-phase cloud partitioning constrained to observations in the ECS. They also used satellite observed FPR rather than MPR to constrain CAM5.1.
The structure of this paper is organized as follows. The description of the GCM utilized in this study and the modifications to the GCM for sensitivity experiments are given in section 2. Section 3 introduces the A-Train satellite measurements that are used to evaluate model simulations. Section 4 describes the methodology of comparing satellite observations with model simulations. Section 5 presents the model results and their comparison with observations. Conclusions are drawn in section 6.
CAM5 and Model Experiments
CAM5
A GCM, the Community Atmosphere Model version 5.1 (CAM5.1) (Neale et al., 2010 ) is utilized in this study to investigate the distinct contributions of heterogeneous ice nucleation, large-scale environment, and shallow cumulus detrainment to the cloud phase partitioning. As a state-of-the-art climate model, CAM5 adopts a two-moment stratiform cloud microphysics scheme (Morrison & Gettelman, 2008 (MG08) , Gettelman et al., 2010) in which number concentrations and mass mixing ratios of cloud liquid and cloud ice are predicted while number concentrations and mass mixing ratios of rain and snow are diagnosed. The treatment of homogeneous freezing of sulfate solution droplets and heterogeneous ice nucleation on dust particles in cirrus clouds is parameterized following Liu and Penner (2005) and Liu et al. (2007) , while that of deposition nucleation, immersion, and condensation freezing in mixed-phase clouds follows Meyers et al. (1992) . The Meyers et al. parameterization only depends on air temperature (i.e., ice supersaturation assuming water saturation in mixed-phase clouds) without providing a link to ice nucleating particle (INP) properties. The contact freezing of cloud droplets by coarse mode dust is represented based on Young (1974) . In addition to the stratiform cloud microphysics represented by MG08, two CAM5 components most relevant to this study are shallow convection, which is parameterized by Park and Bretherton (2009) , and aerosol processes, which are represented by a modal aerosol module (MAM) (Liu et al., 2012) . Representations of other CAM5 components include a deep convection parameterization by Zhang and McFarlane (1995) and a boundary layer moist turbulence scheme by Bretherton and Park (2009) . All of our model experiments in this study are conducted with CAM5.1. One of them is the control (CTL) simulation using the default CAM5 parameterizations, and the others are run with the following modifications to CAM5. implemented a heterogeneous ice nucleation parameterization based on the classical nucleation theory (CNT) into CAM5.1. The parameterization replaced the single contact angle model in Hoose et al. (2010) with a model that uses the probability density function (PDF) of contact angle. The parameterization relates heterogeneous ice nucleation (including deposition nucleation, immersion, condensation, and contact freezing) to natural dust and soot and represents the heterogeneous ice nucleation behaviors of these aerosols based on laboratory measurements. further introduced a soccer ball model (SBM) to CAM5.1, which is based on a simplified version of the SBM (Niedermeier et al., 2014) to unify different contact angle models used in the CNT parameterization. With the PDF of contact angle model in CAM5, higher INP concentrations were simulated at warm temperatures (T > À20°C) than those by the single contact angle model, resulting in a better agreement with observations .
Modification to Ice Nucleation Scheme
In this study, the Meyers et al. (1992) Komurcu et al. (2014) . This provides another perspective of ice nucleation impacts on the cloud phase partitioning in models. We refer to the CAM5 simulation that uses the CNT-based parameterization as ICE.
Modification to Shallow Convection Scheme
Shallow convection is a vigorous process over the Southern Ocean (Kay, Wall, et al., 2016) where large amounts of stratiform mixed-phase clouds coexist (McCoy et al., 2015) . Thus, a modification to shallow cumulus detrainment can influence cloud liquid and ice water amounts in these stratiform mixed-phase clouds. Kay, Wall, et al. (2016) modified the partitioning between ice and liquid of detrained hydrometeors from shallow convection to reduce the low bias of shortwave cloud forcing over the Southern Ocean in CAM5. They decreased the threshold temperature over which all detrained condensate is liquid from 268 to 253 K to allow more detrained cloud liquid. With this modification, Kay, Bourdages, et al. (2016) reduced the cloud cover biases and absorbed shortwave radiation biases over the Southern Ocean in CAM5. We adopted this modification to the shallow convection scheme and retuned the CAM5 model for the global radiative balance. Different from the investigation of liquid and ice cloud covers in Kay, Bourdages, et al. (2016) , our study examines the impact of detrained hydrometeors from shallow convection on the phase partitioning of stratiform mixed-phase clouds. The CAM5 simulation with this modification is referred to as DSC. Kooperman et al. (2012) implemented the nudging into CAM5 to reduce the noises from natural variability of the large-scale circulation and obtained more stable estimates of global aerosol indirect effects compared to the free-running simulations. Zhang et al. (2014) investigated the impacts of different nudging strategies (i.e., nudging only horizontal winds or nudging both winds and temperature) on CAM5 simulated cloud radiative forcing and aerosol indirect effects. Ma et al. (2013) , Liu et al. (2016) , and Wu et al. (2017) introduced the nudging technique into CAM5 to facilitate the comparison between model simulations and observations of aerosol and cloud fields. In this study, we utilize the nudging technique to constrain the CAM5 simulated large-scale environment (e.g., horizontal winds, temperature, and moisture) by the ERA-Interim reanalysis (Dee et al., 2011 ) so that we can explore the impact of large-scale environment on the modeled cloud phase partitioning.
Nudging of Meteorology
Experiment Setup
The three simulations (i.e., CTL, ICE, and DSC) were conducted for 6 years at a horizontal resolution of 1.9°× 2.5°and a vertical resolution of 30 levels, using prescribed year 2000 sea surface temperatures and sea ice extent. The last 5 year results were used in the model analysis. NUG_UVT is the same as the above three simulations except that modeled winds (U and V) and temperature (T) are nudged toward the ERA-Interim reanalysis with a 6 h relaxation time (Dee et al., 2011; Zhang et al., 2014) and the simulation was carried out for 4 years (from year 2005 to 2008) after a 3 month spin up from October to December 2004. In addition, we conducted two more nudging simulations: one with only modeled U and V nudged (referred to as NUG_UV) and the other with modeled U, V, T, and water vapor (Q) nudged (referred to as NUG_UVTQ). These nudging simulations will help us to better understand relative roles of different environmental variables on the simulation of cloud phase partitioning. The detailed information for each simulation is listed in Table 1 .
A-Train Remote Sensing Measurements
The National Aeronautics and Space Administration (NASA) A-Train Constellation consists of a group of polarorbiting satellites. CloudSat and CALIPSO satellites were launched together in 2006 to join in the A-Train Constellation (Stephens et al., 2002) . CloudSat carries the first 94.05 GHz spaceborne Cloud Profiling Radar (CPR), and CALIPSO carries the Cloud-Aerosol LIdar with Orthogonal Polarization (CALIOP), which is a near nadir-viewing two-wavelength lidar at 532 nm and 1064 nm, with linear polarization measurements at 532 nm. Due to different wavelengths, CloudSat radar measurements are more sensitive to large-sized
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particles such as ice and drizzle (Stephens et al., 2008) , whereas CALIOP measurements are more sensitive to small-sized, high-number concentration particles such as aerosol and liquid droplets (Winker et al., 2010) . Combined CALIPSO lidar and CloudSat radar measurements provide by far the most reliable way to observe global cloud thermodynamic phase structures (Delanoë & Hogan, 2010; Noh et al., 2011) . In addition, temperature profiles from the European Centre for Medium-Range Weather Forecasts are interpolated to each CPR vertical bin and are provided in the ECMWF-AUX product (Partain, 2007) . In this study, 4 years of the latest version (R04) of CloudSat 2B-CLDCLASS-LIDAR products during the time period between June 2006 and July 2010 are employed to validate model simulations. The CloudSat 2B-CLDCLASS-LIDAR product classifies each cloud layer, identified from combined CPR and CALIOP measurements, as liquid, mixed-phase (containing both liquid droplets and ice crystals), or ice clouds using cloud layer maximum radar reflectivity (Z e_max ) and temperature profiles. The logic diagram for cloud thermodynamic phase determination is presented in Wang (2013) . It should be noted that supercooled water layers containing low concentrations and small ice crystals may be determined as liquid clouds due to the limited sensitivity of CPR.
In order to conduct "apples to apples" comparisons between model simulations and satellite observations, mass fractions of liquid and/or ice to total water path for stratiform clouds are derived using A-Train satellite measurements. MODIS provides cloud liquid water path (LWP) estimation indirectly from retrieved cloud droplet effect radius and cloud optical depth (Platnick et al., 2003) . The ancillary CloudSat MODIS-AUX product contains a subset of ancillary Aqua MODIS radiance and cloud property (including LWP) data that overlaps and surrounds each CPR footprint (http://www.cloudsat.cira.colostate.edu/dataproducts/level-aux/modis-aux). MODIS cloud product closest to a CPR footprint is collocated and employed for analyses. MODIS LWP is only available for liquid-topped clouds when there are no overlying ice clouds. Previous studies show that there is usually a liquid layer at the top of stratiform supercooled clouds (Ansmann et al., 2009; de Boer et al., 2011; Westbrook & Illingworth, 2011; Zhang et al., 2010) . Since MODIS measurements retrieve the whole column water path, only single-layer cloud profiles detected from collocated CALIPSO and CloudSat measurements are included in this study in order to remove impacts from overlying ice clouds. Among all clouds, 59% are multilayered clouds based on 4 years of A-Train satellite measurements. In addition, cloud retrievals from MODIS are only available during daytime; therefore, only daytime measurements are analyzed in this study. MODIS LWP retrievals have positive biases at high latitudes due to solar zenith angle dependence (O'Dell et al., 2008) . By comparing with the Atmospheric Radiation Measurements ground-based Microwave Radiometer measurements over the North Slope of Alaska site, Adhikari and Wang (2013) showed that MODIS overestimates LWP for stratiform mixed-phase clouds by 35% and 68% in the temperature ranges of À5 to À10°C and À10 to À20°C, respectively. On the other hand, profiles of IWC are determined from CPR Z e measurements using the Z e -temperature-based IWC retrieval algorithms developed by Hogan et al. (2006) . The ice water path (IWP) of a cloud layer is then derived by integrating IWCs from radardetected cloud base to top. By evaluating with multiple years of in situ aircraft measurements, Heymsfield et al. (2008) showed that radar-temperature retrievals of IWC have a mean overestimation of 29% with a random uncertainty of 75%. With multiple years of A-Train satellite measurements, we assume that the uncertainties are randomly distributed and long-term global satellite measurements Free-running Modified CAM5 with T ice = 253 K (T ice is the threshold temperature above which all detrained hydrometeors from shallow convection are liquid) (Kay, Wall, et al., 2016) NUG_UV Nudging Standard CAM5 with modeled U and V nudged to ERA-Interim reanalysis NUG_UVT Nudging Standard CAM5 with modeled U, V, and T nudged to ERA-Interim reanalysis NUG_UVTQ Nudging Standard CAM5 with modeled U, V, T, and Q nudged to ERA-Interim reanalysis
Note. All simulations are carried out at a horizontal resolution of 1.9°× 2.5°and a vertical resolution of 30 levels, using prescribed year 2000 sea surface temperatures and sea ice extent.
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give an estimate of the mean. Therefore, random uncertainties do not impact our global mean comparisons between observations and model simulations. Since we focus on single-layer stratiform clouds, which usually do not produce strong precipitation, CPR signal is not strongly attenuated, and therefore, CPR attenuation is not considered in this study. Ground surface has strong radar returns and contaminates hydrometeor measurements near the surface. Therefore, cloud cases with radar-detected base lower than 0.5 km above ground level (agl) are excluded to avoid surface contamination. Among all single-layer subfreezing clouds on the global scale, 11% clouds have radar-detected cloud bases lower than 0.5 km agl. Finally, the mass fraction of liquid in clouds for cloud top temperatures between À40 and 0°C is derived as MPR liq = LWP/(LWP + IWP). At warm temperatures where liquid water dominates or at very cold temperatures where ice water dominates (i.e., when MPR liq approaches its limits), the positive biases in both LWP and IWP have small impacts on the MPR liq estimation. When LWP and IWP are comparable, however, the positive biases in both LWP and IWP retrievals have larger impacts on the calculated MPR liq . Considering 68% positive bias in MODIS LWP retrievals and 29% overestimation in radartemperature retrievals of IWC using CloudSat measurements, the calculated MPR liq has a positive bias of 6.6% when LWP and IWP have the same magnitude in stratiform clouds.
Methodology
As the outputs of satellites adopted to measure the MPR liq in this study are daytime only, the corresponding model outputs for comparison with satellite observations are also applied to daytime only. Clouds lower than 0.5 km agl (usually occupying the bottom two model layers) are not excluded from the model results. However, this has negligible impacts on liquid water and ice water paths (results not shown). To make a consistent comparison with satellite observations, we include in the calculation of modeled MPR liq the mixing ratio of rain into that of cloud liquid water and the mixing ratio of snow into that of cloud ice since the satellite observations do not distinguish them separately. The modeled MPR liq is calculated only for stratiform mixed-phase clouds (i.e., multilayer deep and shallow convective clouds are removed from the model results). With a coarse model vertical resolution (~100 s m) in CAM5, stratiform clouds in the model are assumed to vertically occupy the entire model layer, and the model cannot represent subgrid variations of clouds, temperature, etc., within a model layer. In this regard, only the cloud layer temperature in the model is used to represent the cloud top temperature as in observations. Also, for the coarse model horizontal resolution (~200 km), cloud (layer) temperatures in different model layers are for statistics of many stratiform clouds in a grid box (i.e., a cloudy grid box), not referring to a specific cloud. Considering the~200 km model horizontal resolution (i.e., a GCM column is equivalent to the summation of many columns in the observations), clouds at different model layers have a large possibility not to overlap with each other. Thus, stratiform condensates at different model layers of a column are treated separately to sample LWP, IWP, and temperature, as in other studies (e.g., Cesana et al., 2015McCoy et al., 2015 . Here cloud temperatures are constrained between À40 and 0°C to mimic the same targets in observations, and thus, the cases of a liquid water path due to the rain and cloud warmer than 0°C below the ice cloud frequently occurring in the frontal systems have been excluded in the model results. When combining reanalysis data sets with the satellite observations, all related variables from the reanalysis data sets are thus daytime only as well. In the following context, cloud liquid with rain and cloud ice with snow are referred to as total liquid and total ice, respectively. If rain is excluded from total liquid in the model results, modeled MPR liq is only slightly reduced, mostly over the Southern Ocean (results not shown).
Simulators have been frequently used in GCMs for the direct comparisons of modeled and observed cloud fraction, cloud optical depth, FPR, etc. Since we are comparing modeled MPR directly with the observed MPR rather than with observed FPR, we do not use a lidar simulator to convert modeled MPR to modeled FPR in this study.
Results
Model Simulations of Total Liquid and Total Ice
Before assessing the simulation of cloud phase partitioning, we first investigate the properties of total liquid and total ice in model experiments. Figure 1 shows the latitude-pressure cross sections of annual (daytime only) mean mass mixing ratios of total ice (grid-box average) and total liquid (grid-box average) for cloud
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temperatures between À40°C and 0°C from the CTL simulation and differences of these variables between simulations (ICE, DSC, and NUG_UVT) and the CTL simulation. In CTL, total ice mixing ratio peaks in the lower troposphere at northern and southern midlatitudes (i.e., around 60°N and 60°S) with the mixing ratio exceeding 22 mg m
À3
. With ice nucleation in mixed-phase clouds linked to aerosols in ICE, decrease of total ice mixing ratio can be found in the lower and middle troposphere of Southern Hemispheric (SH) midlatitudes and in the middle troposphere of Northern Hemispheric (NH) midlatitudes. The decrease of total ice mixing ratio in the lower troposphere of SH midlatitudes is due to the lower INP concentrations there in ICE compared to those calculated by Meyers et al. (1992) in CTL , which Figure 1 . Latitude-pressure cross sections of annual (daytime only) mean mass mixing ratios of (a-d) cloud ice plus snow (grid-box average) and (e-h) cloud liquid plus rain (grid-box average) for cloud temperatures between À40°C and 0°C from the CTL simulation and differences of these variables between simulations (ICE, DSC, and NUG_UVT) and the CTL simulation. Differences significant at the 95% level of the Student's t test are depicted by dots. No significance test is performed for the differences between NUG_UVT and CTL, because natural variabilities in NUG_UVT are largely eliminated by nudging to the reanalysis data.
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effectively reduces the ice crystal number concentrations in mixed-phase clouds in ICE ( Figure S1 in the supporting information). The decrease of total ice mixing ratio in the middle troposphere of both NH and SH midlatitudes may be caused by the low number concentrations of dust particles that are elevated. Also, the INP concentrations at low temperatures simulated by the CNT-based ice nucleation scheme (Hoose et al., 2010; are nearly constant as contrary to those calculated by Meyers et al. (1992) . In DSC with modification to the shallow convective detrainment, a large decrease of total ice mixing ratio compared to that in CTL is found at around 800 hPa in 60°S (i.e., storm tracks). This indicates that shallow convection is a critical process for the phase partitioning in stratiform clouds over the Southern Ocean (Kay, Wall, et al., 2016) . A similar decrease of total ice mixing ratio exists in the NH storm tracks at around 800 hPa, which results from the decrease of detrained ice water from those vigorous oceanic shallow convective clouds (Matus & L'Ecuyer, 2017) . With the nudging of U, V, and T in NUG_UVT, total ice mixing ratio decreases at pressures lower than~800 hPa in the NH and SH midlatitudes and tropics but increases in the Polar regions and at pressures higher than~800 hPa in the NH and SH midlatitudes. As discussed in Zhang et al. (2014) , the decrease of total ice mixing ratio in the upper troposphere is mainly due to the nudging of temperature, which reduces the negative temperature bias in CAM5 (see Figure S2 ). The increase of total ice mixing ratio is due to the increase of water vapor mixing ratio ( Figure S2 ), which results from the change of moisture processes caused by the temperature correction.
For the simulation of total liquid mixing ratio in CTL, its distribution patterns are similar to those of total ice mixing ratio with two maxima located at 30°-60°S and 30°-60°N (i.e., in the NH and SH midlatitudes). More significant changes are found in total liquid mixing ratio than those of total ice mixing ratio between the modified simulations (ICE and DSC) and the CTL simulation. A general increase of total liquid mixing ratio in ICE exists at most latitudes and pressures, especially at NH and SH high latitudes, which can be attributed to the fact that the new heterogeneous ice nucleation parameterization largely alleviates the overestimation of INP number concentration in Meyers et al. (1992) (DeMott et al., 2010; . The reduction of INP number concentration slows down the WBF process and leads to more total liquid. Also, with more total liquid detrained from the shallow convective clouds, DSC greatly enhances the total liquid mixing ratio in the NH and SH midlatitudes (more obvious over the Southern Ocean) and slightly increases it in the tropics. The pattern changes of total liquid mixing ratio in NUG_UVT are pretty similar to those of total ice mixing ratio (except near the Polar regions). The decrease of total liquid mixing ratio at pressures lower than~800 hPa may be owing to the enhanced evaporation efficiency with reduced cold temperature bias. The increase of total liquid mixing ratio at pressures higher than~800 hPa in the NH and SH midlatitudes results from the increase of water vapor mixing ratio and decrease of air temperature ( Figure S2 ). This allows for more aerosol activation, and cloud droplet number concentrations are increased there ( Figure S3 ). We note that more significant changes of cloud liquid and cloud ice between the simulations (ICE, DSC, and NUG_UVT) and the CTL simulation occur when rain and snow are not included in total liquid and total ice, respectively (figure not shown). Figure 2 shows the global distributions of annual (daytime only) mean of vertically integrated ice water content (i.e., IWP) and liquid water content (i.e., LWP) at temperatures between À40°C and 0°C from the A-Train observation and the CTL simulation, and differences of IWP and LWP between the simulations (ICE, DSC, and NUG_UVT) and the CTL simulation. In the A-Train observation, the spatial distributions of IWP and LWP show maxima over the NH and SH midlatitude and high latitude. Although CTL shows similar maxima of IWP and LWP as observation over the Southern Ocean and in the NH midlatitudes, it overestimates the IWP in the midlatitude storm tracks and substantially underestimates the LWP in the high latitudes. Due to snow added to total ice, changes in IWP in ICE and DSC from CTL are noisy. When excluding snow from total ice in these two simulations, notable decreases in IWP can be seen with spatial patterns similar to those of LWP increase (Figures 2f and 2h) . With the application of nudging to constrain winds and temperature in the model (i.e., NUG_UVT), a significant decrease of IWP occurs in the tropics and subtropics, which can be attributed to the correction of cold bias of model simulated temperature. The warmer temperature and lower relative humidity reduce the occurrence frequency of ice nucleation (Zhang et al., 2014) . IWP increases in the NH and SH high latitudes in NUG_UVT, which is consistent with the change of latitude-pressure distribution of total ice mixing ratio (Figure 1) . ICE increases the LWP relative to CTL in the high latitudes, while DSC mainly increases LWP in the NH and SH storm tracks. NUG_UVT increases the LWP over the Southern Ocean and in the NH midlatitude storm tracks.
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Seasonal Variations of Cloud Phase Partitioning
In this section, the seasonal variations of MPR liq in different simulations are evaluated against satellite observations. Figure 3 shows the global distributions of MPR liq in the four seasons from model simulations as well as from the A-Train observations. In the A-Train observations, for the four seasons, the large MPR liq is typically Figure 2 . Global distributions of annual (daytime only) mean of vertically integrated ice (plus snow) water content and liquid (plus rain) water content at temperatures between À40°C and 0°C from the A-Train observation and the CTL simulation, and differences of IWP and LWP between simulations (ICE, DSC, and NUG_UVT) and the CTL simulation.
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located in the midlatitude storm tracks and in the Polar regions. In the boreal summer (June-July-August, JJA), the maximum MPR liq occurs in the Arctic with values between 40% and 60%, when MPR liq over the Southern Ocean is the lowest among the four seasons. This phenomenon can be attributed to high (low) air temperatures in summer (winter) in the Northern (Southern) Hemisphere. With the season transiting to the boreal autumn (September-October-November, SON) and further to winter (December-January-February, DJF), MPR liq in the NH midlatitudes and in the Arctic regions decreases as air temperature becomes lower, whereas MPR liq over the Southern Ocean and in the Antarctic increases and peaks in the austral summer and spring with values of MPR liq between 40% and 60%. When air temperature becomes higher in the boreal spring (March-April-May, MAM), MPR liq in the NH midlatitudes and Arctic regions starts to increase. Therefore, the change of air temperature during the four seasons is the main factor affecting the seasonal variations of MPR liq in both NH and SH.
As shown in Figure 3 , the model captures the basic characteristics of observed seasonal distributions and changes in MPR liq although the magnitude of MPR liq in each model simulation differs. In CTL, the model significantly underestimates the MPR liq in all seasons at high latitudes and in the midlatitude storm track regions. More specifically, in the austral spring (SON) and summer (DJF), MPR liq is very low (<10%) in the Antarctic where observed MPR liq is about 40-60%. Meanwhile, MPR liq in the Arctic in the boreal summer (JJA) and spring (MAM) is underestimated by 10-20% compared to observations. With the introduction of CNT-based ice nucleation parameterization in ICE, MPR liq is increased in both NH and SH and agrees better with observations. For example, MPR liq in the Arctic in JJA is increased to the comparable magnitude as that in observations. MPR liq in the Antarctic in DJF is significantly increased and compares much better with observations than CTL. Obvious improvements by the CNT-based ice nucleation parameterization are also seen in the NH midlatitudes and in the Arctic in MAM. The increase of MPR liq in ICE for the four seasons results from the increases of total liquid (Figures 1 and 2 ).
With the change of threshold temperature for the partitioning of cloud water detrained from the shallow convection in DSC, MPR liq is enhanced over the Southern Ocean for all the seasons. This indicates that 
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changing the phase partitioning of shallow convective detrainment is important for the simulation of MPR liq over the Southern Ocean. In addition, there are also obvious increases of MPR liq in the Arctic and in the NH storm track regions especially in JJA and SON. With winds and temperature nudged toward the reanalysis in NUG_UVT, MPR liq over the Southern Ocean increases only slightly. A degradation of MPR liq occurs in the Arctic particularly for JJA, which is caused by a decrease of total liquid and an increase of total ice (Figures 1 and 2) . Overall, when compared with A-Train observations, all of the four simulations still underestimate the MPR liq in many geographical regions albeit some improvements obtained by the new heterogeneous ice nucleation (ICE), the modification to shallow convective detrainment (DSC), and nudging of winds and temperature (NUG_UVT). Noticeably, the model simulates very low MPR liq (<10%) over Greenland in all the seasons mainly due to a lack of LWP, while observations show the MPR liq of 40-70% in JJA and 10-40% in SON and MAM. This may indicate the issues with model parameterizations and modeled moisture field. In section 5.4, we will further discuss the impact of nudging water vapor (NUG_UVTQ) on modeled MPR liq . 
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As mentioned above, the seasonal variation of air temperature is the main factor affecting the cloud phase partitioning. To examine the impact of other factors on the cloud phase partitioning, seasonal variations of MPR liq at given temperatures in 60°S-90°S and 60°N-90°N, where the two maxima of MPR liq are located for the four seasons (Figure 3) , are explored. Figure 4 shows the modeled MPR liq as a function of air temperature in the four seasons, in comparison with the A-Train observations in the 60°N-90°N latitudinal band. The slope of MPR liq variation with air temperature (dMPR liq /dT) is also presented in Figure 4 . Observed MPR liq in all the seasons increases with temperature and approaches unity at~273 K. As expected, at a given temperature, seasonal variations of observed MPR liq are smaller than what are seen in Figure 3 , because here the temperature effect on MPR liq is excluded. Among the four seasons, observed MPR liq is the lowest in DJF and the highest in JJA at T < 245 K. Seasonal variations of MPR liq at a given temperature indicate the impacts of aerosol and large-scale environment on MPR liq . Although all model simulations show weaker seasonal variations of MPR liq at a given temperature compared with the A-Train observations, the ICE simulation has larger seasonal variations that are closer to the observations. Modeled MPR liq approaches unity at higher temperatures (~278 K) than observations (~273 K). Moreover, CTL, DSC, and NUG_UVT simulate very low MPR liq (nearly 0) The occurrence frequency is calculated online with the integration of model simulation. At a given model step and in a model grid, if the immersion freezing rate calculated from the heterogeneous ice nucleation parameterization (with inputs of in-cloud droplet number concentration, temperature, and aerosols) is larger than 0, we will count it once, otherwise we will not. With a temporal averaging for the simulation period, the frequency of immersion freezing with values between 0 and 1 can be obtained. Changes of MPR liq with air temperature for the four seasons can be clearly identified by the slope of MPR liq curve at each temperature (dMPR liq /dT). At temperatures below 250 K, dMPR liq /dT from observations is still larger than 0 indicating that there are still some supercooled liquid droplets to be retained for ice nucleation in this temperature range. In contrast, dMPR liq /dT from CTL, DSC, and NUG_UVT are all 0 in this temperature range. Different from these three simulations, ICE reproduces the phenomenon observed by the A-Train observations, simulating the comparable slope and spread of slope with temperature. dMPR liq /dT from all the simulations at temperatures warmer than 273 K is still positive while it is zero from observations. This is because snow starts to melt at 275 K in CAM5. Figure 5 is the same as Figure 4 , but shows results for the 60°S-90°S latitudinal band. Compared to the 60°N-90°N latitude band, stronger seasonal variations of MPR liq at a given temperature are evident in the A-Train observations, with the lowest MPR liq in JJA (austral winter) followed by MAM, DJF, and SON. The lower MPR liq in JJA can be related to the higher occurrence frequency of immersion freezing of cloud droplets by INPs (to be discussed in Figure 6 ) and dry environment during the austral winter. Similar to the 60°N-90°N latitude band, CTL, DSC, and NUG_UVT cannot reproduce the observed seasonal differences of MPR liq but ICE is somehow able to simulate these differences, albeit at smaller magnitudes. At temperatures between 240 K and 250 K, observed MPR liq increases with temperature with slopes of 0.01-0.05. However, CTL, DSC, and NUG_UVT fail to capture this phenomenon while ICE somehow simulates the increase of MPR liq with temperature (i.e., positive dMPR liq /dT) for the four seasons, albeit at much lower slopes than observations. Compared to CTL, an increase of MPR liq in DSC occurs at temperatures between 253 and 268 K, which reflects the change of threshold temperature above which all detrained condensate is liquid (i.e., from 268 to 253 K). At temperatures higher than 273 K, there are still increases of MPR liq with temperature in all the simulations.
To illustrate why ICE with the CNT-based ice nucleation parameterization is able to simulate the seasonal variations of cloud phase partitioning in 60°N-90°N and 60°S-90°S latitude bands revealed in observations, Figure 6 shows the seasonal profiles of occurrence frequency of immersion freezing by INPs (i.e., dust and soot) in these two regions from the ICE simulation. MPR liq is determined by both meteorology (e.g., cloud occurrences and temperature) and INP concentrations. The occurrence frequency of immersion freezing as the dominant freezing mechanism in mixed-phase clouds contains not only the information of occurrence frequency of INPs (which was used in Choi et al., 2010 , as an indicator of FPR) but also the information of occurrence frequency of mixed-phase clouds. As shown in Figures 4 and 5 , the lowest MPR liq from ICE and observations occurs in winter (DJF in 60°N-90°and JJA in 60°S-90°S) at a given temperature. In this cold season, mixed-phase clouds exist at lower altitudes and immersion freezing by dust and soot occurs more frequently than other seasons, as shown in Figure 6 . As a result, the WBF process in mixed-phase clouds becomes more efficient and leads to lower MPR liq . In contrast, summer (JJA in 60°N-90°N and DJF in 60°S-90°S) has a lower occurrence frequency of immersion freezing in the lower troposphere (>800 hPa) where stratiform mixed-phase clouds usually occur.
Dependence of Cloud Phase Partitioning on Environmental Parameters
Similar as the Cesana et al.'s (2015) analysis, ice mass phase ratio (MPR ice ) is used to represent the cloud phase partitioning in this section. Please note that MPR ice = 1 À MPR liq . Figure 7 shows the annual and zonal mean cross sections of MPR ice from the four simulations as well as from the A-Train observations. The modeled 90% Figure 9 . Annual mean temperature profiles of ice mass phase ratio (MPR ice , %) against relative humidity from the four simulations and the ERA-Interim Reanalysis combined with the A-Train observations. The solid green line indicates the 90% ice mass phase ratio isocontour (MPR90 ice ) in each simulation. Every bin is statistically representative as it contains more than several hundred points.
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ice mass phase ratio iso-contour (MPR90 ice ) is plotted using green lines to better illustrate the differences of simulated MPR ice between different simulations. There are small differences of MPR ice between CTL and NUG_UVT since nudging induces significant changes in both total liquid and total ice mixing ratios simultaneously (Figure 1 ). In comparison, large values of MPR ice occur at higher altitudes in the midlatitude storm tracks in ICE, indicating increased liquid relative to ice and that mixed-phase clouds extend to higher elevations, in better agreement with observations. In DSC, a decrease of MPR ice is simulated in 60°S-90°S. Overall, all the simulations overestimate the MPR ice compared to the observations, which show larger amounts of supercooled liquid persisting at higher elevations. Figure 8 shows the annual and zonal mean temperature profiles of MPR ice from different simulations and from the A-Train observations. All the simulations overestimate MPR ice across all the temperatures and latitudes comparing with the A-Train observations. Simulated MPR ice extends to warmer temperatures than observations. With the introduction of a new ice nucleation parameterization in ICE, simulated MPR ice values between À30°C and À40°C in the NH and SH high latitudes are closer to the observations. Comparing with CTL, DSC simulates more supercooled liquid at temperatures between À20 and À10°C over the Southern Ocean while NUG_UVT induces no obvious changes. In Figure 5 of Cesana et al. (2015) , the observed FPR ice shows a flat change with latitude. However, observed MPR ice in this study exhibits some variations with latitude with a higher MPR ice at a given temperature in NH than that in SH. These variations are not captured by our model simulations. Figure 9 shows the annual mean temperature profiles of MPR ice as a function of relative humidity (RH) (with respect to water for temperatures above À10°C, with respect to ice below À30°C, and a linear combination of saturation vapor pressures between these temperature limits (Neale et al., 2010) ). Following Cesana et al. (2015) , the RH field (daytime only) from ERA-Interim Reanalysis is interpolated onto the same spatialtemporal grids as A-Train to generate the observation plot. For a given temperature, observed MPR ice increases slightly with RH. Simpson et al. (2017) reported that CCN activation can outcompete INP for water vapor and result in the suppression of ice formation in mixed phase clouds. Therefore, low RH is often Journal of Geophysical Research: Atmospheres 10.1002/2017JD027213 associated with weak updrafts or even downdrafts, which leads to the suppression of immersion freezing to form ice crystals and results in lower MPR ice . On the other hand, high RH favors the immersion freezing of cloud droplets to form ice crystals, and thus increases MPR ice . This observed MPR ice -RH relationship is somehow produced in the four simulations, which shows an increase of MPR ice with RH from 10% to 90%. The slope of MPR ice change with RH differs among these simulations, with a sharp increase near 70% in ICE and a moderate increase near 80% in CTL, DSC, and NUG_UVT. The existence of modeled MPR ice at the low RH values (e.g., at 10% or below) in all simulations is from the middle and upper troposphere over the tropics and from the lower and middle troposphere over the Southern Ocean (figure not shown), where convection occurs frequently. The detrained cloud hydrometers from convection contribute to the stratiform liquid even though grid-mean RH is at or below 10% and hardly allows the condensation of water vapor. Although the dependence of our observed MPR ice on RH is similar to that of observed FPR ice in Figure 7 of Cesana et al. (2015) , our observed MPR ice shows more notable variations with RH than their observed FPR ice .
Motivated by many studies showing that the large-scale vertical velocity determines the cloud regime (Bony et al., 2004; Wyant et al., 2006) and cloud water content (Tonttila et al., 2013) , Cesana et al. (2015) investigated the dependence of FPR ice on large-scale vertical velocity in several GCMs and ERA-Interim Reanalysis integrated with CALIPSO-GOCCP PR. A similar analysis is performed in this study and shown in Figure 10 for the comparison of modeled MPR ice with the A-Train observations. Similar to their observed FPR ice in Figure 8 of Cesana et al. (2015) , our observed MPR ice shows little variations with large-scale vertical velocity at a given temperature. Modeled MPR ice in CTL, DSC, and NUG_UVT also shows a weak dependence on the vertical velocity, although that in ICE has a stronger dependence on the downdraft. This weak dependence might be due to that most clouds associated with strong updrafts (e.g., in frontal regions) are multilayer deep and shallow convective clouds, which have been excluded from observation and model analyses. Figure 11 shows the annual mean temperature profiles of MPR ice as a function of total precipitation rate. The observed relationship between cloud phase partitioning and precipitation rate is constructed from the Global 
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Precipitation Climatology Project (GPCP version 1DD) (Huffman et al., 2001) daily precipitation (at 1°× 1°) along with the A-Train data. In the observations, only a small impact of precipitation on the cloud phase partitioning is found when the precipitation rate is between 0 and~3 mm d
À1
. For single-layer stratiform clouds considered in this study, precipitation from these clouds is pretty light (<15 mm d
; Figure 11 ). Thus, there is little sensitivity of MPR ice to precipitation. In CAM5, precipitation is diagnosed from a number of cloud microphysical processes (e.g., autoconversion of cloud water to rain, collection of cloud droplets by rain droplets, and freezing/melting of hydrometeors), which can also affect the liquid/ice water contents and cloud phase partitioning. In CTL, ICE, and DSC, we can see that slightly less supercooled liquid exists in the conditions of stronger precipitation. There is a larger dependence of cloud phase partitioning on light precipitation when linking the heterogeneous ice nucleation to aerosols in ICE. With the use of nudging in NUG_UVT to constrain the large-scale winds and temperature, the dependence of MPR ice on precipitation almost vanishes.
Impact of Nudging on Cloud Phase Partitioning
In the above sections, the impacts of nudging U, V, and T on the cloud phase partitioning are investigated with the simulation NUG_UVT. Here we further examine the roles of T and Q by conducting two other simulations with only nudging U and V (simulation NUG_UV) and with nudging U, V, T, and Q (simulation NUG_UVTQ). When only winds are nudged in NUG_UV, increases of T occur in the midlatitudes and high latitudes with two maxima existing at 200 hPa in the Polar regions ( Figure S2 ). With T further nudged in NUG_UVT, increases of T are seen at almost all pressures of all latitudes except near the surface layer in the tropics and in the SH storm tracks. Since T is nudged in both NUG_UVT and NUG_UVTQ, there are no obvious changes of T between these two simulations. As for Q in NUG_UV, there are increases of Q in the high latitudes and in the NH and SH midlatitudes with pressures higher than 600 hPa and decreases of Q in the tropics and subtropics. With T further nudged in NUG_UVT, the decrease region of Q in NUG_UV is smaller, and increases of Q occur near the surface across all the latitudes. However, when Q is nudged in NUG_UVTQ, the decrease region of Q in NUG_UV is expanded to most latitudes and pressures ( Figure S2 ).
With changes of T and Q relative to CTL in these nudging simulations, the corresponding changes of total ice and liquid mixing ratios are shown in Figure 12 . The increase of total ice mixing ratio in the high latitudes in NUG_UV and NUG_UVT (Figures 12a and 12b) is mainly caused by the increase of Q. In comparison, the decrease of total ice mixing ratio in the middle and upper troposphere in NUG_UVT is controlled by the increase of T. Due to the extensive decrease of Q and increase of T in NUG_UVTQ, a strong decrease of total ice mixing ratio is evident in NUG_UVTQ compared to CTL with two maxima occurring in the NH and SH storm tracks (Figure 12c ). Owing to the increase of Q and decrease of T, total liquid mixing ratio near the surface layer is increased in the SH storm tracks in the three nudging simulations. The decrease of total liquid mixing ratio in the middle and upper troposphere of tropics and midlatitudes (more obvious in NUG_UVT and NUG_UVTQ) corresponds to the increase of T as well as the decrease of Q there. Figure 13 shows the global distributions of seasonal variation of cloud phase partitioning (MPR liq ) in the three nudging simulations. For the comparison between NUG_UV and NUG_UVT, there are no obvious changes of MPR liq for the four seasons except in the Arctic in JJA where a higher MPR liq is found in NUG_UV than that in NUG_UVT. As total ice mixing ratio is largely decreased and total liquid mixing ratio in the lower troposphere increased in the storm track regions in NUG_UVTQ (Figure 12c ), MPR liq in NUG_UVTQ for the four seasons is greatly enhanced, resulting in comparable magnitudes as those in the observations (especially over the Southern Ocean). This indicates that a realistic simulation of water vapor is vital for the simulation of cloud phase partitioning.
Discussion and Conclusions
In this study, the phase partitioning of mixed-phase clouds simulated from CAM5 is evaluated against the A-Train satellite observations. Different from previous studies, observationally based MPR rather than FPR is calculated from CloudSat, MODIS, and CPR radar-detected liquid and ice water paths for clouds with temperatures between À40 and 0°C and compared with the model simulated MPR. Modeled MPR liq is significantly lower than observations on the global scale, especially in SH (e.g., Southern Ocean and the Antarctic). In order to investigate the contributions of mixed-phase ice nucleation, large-scale environment, and shallow cumulus detrainment to the cloud phase partitioning, sensitivity simulations with CAM5 were conducted for a heterogeneous ice nucleation parameterization linking INPs to aerosol properties (i.e., ICE), different CAM5 model configurations (i.e., NUG_UVT with nudged winds and temperature versus the freerunning CTL), and a lower temperature for the existence of detrained cloud water from shallow convection as liquid (i.e., DSC). Two additional simulations with different nudging strategies (NUG_UV and NUG_UVTQ) were conducted. The following conclusions are reached based on our analyses: (1) the CNTbased ice nucleation parameterization in mixed-phase clouds linking INP properties to aerosol increases the MPR liq especially at temperatures colder than À20°C, enlarges the seasonal variations of MPR liq , and thus significantly improves the model comparison with observations (especially in the Arctic); (2) the decrease of threshold temperature for detrained cloud water as liquid increases MPR liq and improves the MPR liq mostly over the Southern Ocean; (3) the nudging of water vapor leads to a significant increase of MPR liq through reducing total ice mixing ratio, which implies that a realistic simulation of water vapor is vital for modeled cloud phase partitioning. With the respective improvements in cloud phase partitioning in ICE, DSC, and NUG_UVT, their simulations of shortwave cloud forcing and longwave cloud forcing are also improved compared to CTL, especially over the Southern Ocean (see Figures S4 and S5) ; and (4) in addition to the MPR liq analysis, simulated relationships between the MPR ice and several key meteorological variables (temperature, relative humidity, vertical velocity, and precipitation), in each simulation, do not compare well with observations. Modeled MPR ice is too high in all the simulations. Therefore, the model often cannot capture the observed geographical patterns and seasonal variations of MPR liq , which is consistent with the missed relationships of MPR ice with different meteorological variables in the model. Both the MPR liq and MPR ice analyses suggest that representations of cloud microphysical processes and interactions between cloud microphysics, macrophysics, and large-scale meteorology in the model should be further improved.
In addition to the representation of ice nucleation highlighted in this study, further improvements of other microphysics aspects are needed to improve the mixed-phase partitioning in GCMs. For example, the INP depletion due to ice nucleation currently is not treated in the model. Paukert and Hoose (2014) and Savre and Ekman (2015) considered this depletion and found a better agreement with the observed ice number concentration. Meanwhile, the INP release into the atmosphere due to ice sublimation is not considered in the model, which can be treated by representing ice-borne aerosols (e.g., Lohmann et al., 2007) .
As discussed in , the WBF process is critical for the cloud phase partitioning. However, in current GCMs, the liquid and ice water in mixed-phase clouds are assumed to be homogeneously mixed and the WBF process always occurs as long as there are liquid and ice in clouds, which largely accelerates the WBF process in the models. In nature, the liquid and ice in mixed-phase clouds are not always mixed uniformly and there observed a large number of pockets purely composed of liquid droplets or ice crystals with horizontal scales from~10 m to~100 m depending on geographical regions (Chylek & Borel, 2004) . Even when cloud liquid and ice are mixed uniformly, WBF only occurs in the downdraft and weak updraft zones (Fan et al., 2011; Korolev, 2007) . When accounting for the above factors in the models, the conversion rate of cloud liquid to cloud ice via the WBF process could be largely reduced, resulting in higher MPR liq in mixed-phase clouds and better agreements with observations. Different from the perspective of increasing the liquid water through reducing the WBF process rate, Furtado et al. (2016) parameterized the impact of small-scale turbulence on driving fluctuations in relative humidity, which facilitates the formation of liquid water to produce and maintain supercooled liquid and mixed-phase clouds in a GCM and reduces the underestimation of MPR liq in mixed-phase clouds. Therefore, in order to better simulate the cloud phase partitioning, it will be essential to represent the impacts of subgrid variations of environmental variables (e.g., vertical velocity and moisture) on cloud microphysical processes (Peters et al., 2014; Peters et al., 2011) .
The aerosol-cloud-precipitation feedback should be extended in GCMs to incorporate macrophysical aspects into the current microphysical parameterizations. Michibata et al. (2016) represented the responses of LWP to perturbed aerosols by including the proposed "buffered system" hypothesis. The treatment of convective Journal of Geophysical Research: Atmospheres 10.1002/2017JD027213 microphysics in GCMs should be improved in order to better constrain the partitioning of detrained cloud hydrometers into liquid and ice (Song & Zhang, 2011; Song et al., 2012) .
To our knowledge, this study represents one of the first intercomparisons of modeled MPR consistently with observed MPR. In this study, liquid detrained from shallow convection is included in the model results, but not the shallow convective liquid as in the observations. As liquid-topped shallow convection is commonly observed over the Southern Ocean (Huang et al., 2017) , the exclusion of shallow convective liquid in the model results can contribute to the low modeled LWP and MPR liq biases over the Southern Ocean. Our future studies will take the issue into consideration.
